Glucoamylase (c-amylase, EC 3.2.1.3) from Aspergillus niger was used to hydrolyze the soluble sago starch to reducing sugars without any major pretreatment of the substrate. A 2 L stirred tank reactor was used for the hydrolysis. The effects of pH, temperature, agitation speed, substrate concentration, and enzyme concentration on the reaction were investigated in order to maximize both the initial reaction velocity v and the final product yield Y p=s . A response surface methodology central composite design was used for the optimization. A maximum Y p=s of 0.58 g Á g À1 and a high v of 0.50 mmoles Á L À1 Á min À1 were predicted by the response surface at the identified optimal conditions (61 C, a substrate concentration of 0.1% (w=v, g=100 mL), an enzyme concentration of 0.2 U Á mL À1 ). The pH and agitation speed did not significantly affect the production of sugars. The subsequent validation experiments under the above-specified optimal conditions confirmed a maximum conversion rate and yield combination of 0.51 AE 0.07 mmoles Á L À1 Á min À1 and 0.60 AE 0.08 g Á g
Introduction
Sago palm (Metroxylon sagu) is an agronomically important (Flach and Schuiling, 1989) but relatively underutilized (Karim et al., 2008) indigenous crop of Southeast Asia. About 60 million tons of sago starch are extracted annually from the pith of sago trunks (Wang et al., 1996) . Sago palm can potentially yield up to 25 tons of starch per hectare per year, or about three-to four-fold more than crops such as rice, corn, and wheat (Karim et al., 2008) . Sago starch is potentially an inexpensive source of fermentable glucose and can be used to produce high-fructose syrup (Abd-Aziz, 2002 ), a commercial sweetener. Starch from various other sources (e.g., corn, potato, cassava) is commercially used to make glucose via a process that involves the enzymes a-amylase and glucoamylase (Ejiofor et al., 1996) . A similar process can be envisaged using sago starch as the substrate. This work reports on the optimal conditions for attaining the combination of maximum conversion rate and yield during enzyme-mediated hydrolysis of sago starch to reducing sugars.
In this study, a fungal glucoamylase was used to hydrolyze sago starch. The objective of the work was to maximize the yield Y p=s of reducing sugars and the reaction velocity v for the production of reducing sugars. Statistical optimization involving a central composite design (CCD) of the response surface method (RSM) was used to develop a mathematical model relating Y p=s and v to temperature, pH, agitation speed, substrate concentration, and enzyme loading. The model was used to understand the main effects and the interaction effects among process variables and subsequently to optimize the process.
Response surface methodology (RSM) is a statistical optimization method. RSM is suitable for identifying the effect of individual variables and for efficiently seeking the conditions for an optimum response in a multivariable system (Montgomery, 2001) . This method has been successfully applied to optimize fermentation processes (Maddox and Reichert, 1997; Chen, 1981; Grothe et al., 1999; Ratnam et al., 2003; Casas López et al., 2004) , vegetable oil bioconversion (Cheynier et al., 1983) , biomass production (Moresi et al., 1980) , and numerous other processes (Panda et al., 1999; Ellaiah et al., 2002; Adinarayaan and Suren, 2005) . Effects of temperature, pH, and enzyme dosage on sago starch hydrolysis using bacterial a-amylase, b-glucanase, and pullulanase have been previously studied using statistical design of experiment (Gorinstein et al., 1994) . This work presents a simpler hydrolysis process that does not involve any major pretreatment of the substrate. Sago starch and its applications have been reviewed elsewhere (Karim et al., 2008; Abd-Aziz, 2002 ).
Materials and Methods

Substrate
Sago starch was obtained from a commercial producer, Wah Chang International (Malaysia). The starch had been isolated from the sago palm Metroxylon sagu. The starch was dried to a constant weight at 60 C before use. Swinkels (1985) reported the chemical composition of sago starch (dry weight basis, %) as follows: amylase 27; amylopectin 73; lipids 0.1; protein (nitrogen content Â 6.25) 0.1; ash 0.2; phosphorus 0.02.
Enzyme
Glucoamylase (EC 3.2.1.3) from Aspergillus niger was purchased from Sigma-Aldrich. The specific activity of the enzyme preparation according to the manufacturer was 31.2 U Á mg À1 .
Reaction Conditions
The starch and enzyme solutions were prepared in 0.05 M acetate buffer at pH values specified in the RSM design and discussed later. The starch and enzyme solutions were mixed in an automated 2 L batch stirred tank reactor (Biostat Bþ, Sartorius, Germany) at a volume ratio of 1:1. The initial working volume was 1.5 L. The reactor was equipped with two six-bladed Rushton turbine impellers for mixing. The ranges of the five process variables or factors (pH, temperature T, agitation speed x, substrate concentration [S], enzyme concentration [E]) were determined by the central composite design of the response surface method, as discussed later. Temperature, pH, and agitation speed were automatically controlled at their specified set points by the process control unit of the reactor. Samples in test tubes were taken every 3 min, a proportionate volume of DNS solution was added and this was immediately followed by quenching of the enzyme activity in a boiling water bath (100 C) for 5 min. The samples were then held at 4 C until analysis. Determination of the reducing sugars was completed within 8 h of sample collection.
Experimental Design and Statistical Analysis
Experimental design, optimization, and statistical analyses were performed using MINITAB 14 software. A central composite factorial design (CCD) with 66 replicated runs performed randomly in two blocks was used. The design output given by the MINITAB 14 software contained 32 cube points (12 center points and 20 axial points) and 2 axial center points.
Linear, quadratic, and interaction effects of the five factors at five levels were statistically evaluated. The five different levels of each variable taken at a central coded value of zero (coded as À2, À1, 0, þ1, and þ2, respectively) are shown in Table I . The response surface models were fitted to two responses, namely the initial reaction velocity v and the yield of reducing sugars Y p=s .
When the factor values are relatively close to optimum, a second-order model is usually required to approximate the response because of curvature in the true response surface (Montgomery, 2005) . The behavior of such as system can be characterized by the following full quadratic equation written for three explanatory variables X 1-3 : In Equation (1) Y is the dependent variable (i.e., the response variable) to be modeled, the b terms are constants for the regression model, and e is the error. Terms 2-4 on the right-hand side of Equation (1) are the main effects terms. The terms containing two X variables are included to account for possible interaction effects between the variables (i.e., the local shape of the response surface). The constant b 0 is the response of Y when all the main effects and the interactive effects are null. When the experimental data are fitted to the model, the unknown b parameters are estimated and the coefficients of the X terms are tested to see which ones are significantly different from zero.
Analytical Techniques
Reducing sugar was assayed using the dinitrosalicylic (DNS) acid method (Miller, 1959) . Enzyme activity was measured at 55 C using starch as the substrate (assays were performed at 2.0 g Á L À1 starch in acetate buffer pH 4.5 at 55 C until equilibrium). One unit of enzyme activity was defined as the amount of enzyme that released 1 mmol of reducing sugars per minute from starch under the assay conditions. The blank for the samples consisted of heat-inactivated enzyme in the reaction solution, but without any starch being present. All experiments were performed in triplicate and were reproducible to within AE5% of the mean value.
Determination of Starch Suspension Density and Viscosity
The viscosity of sago starch preparations was measured using a U-tube capillary viscometer, i.e., a Cannon-Ubbelohde viscometer. Prior to use, the viscometer was cleaned and dried. The sago starch suspension was poured into the viscometer tube such that the liquid meniscus was between the minimum and the maximum fill marks on the reservoir. The viscometer was then mounted vertically in a water bath at 55 C and allowed to reach thermal equilibrium (20 min). The efflux time (in nearest 0.01 s) was then measured using a digital stopwatch. All measurements were repeated at least six times.
Starch suspension density was determined by electronically weighing a known volume of the sample in a calibrated density bottle (Blau Brand, Germany). Measurements were repeated at least six times.
Validation of Experimental Model
The regression model predicted the optimal values of the factors for maximizing the response variables. The predicted set of factors was validated by running the sago starch hydrolysis reaction at the predicted factor values in a 2 L stirred reactor. The predicted factor values for optimal response were 61 C, a starch concentration of 1.0 g Á L À1 , and an enzyme loading of 0.2 U Á mL À1 (or 200 U of enzyme per gram of sago starch). Value of pH and agitation speed were kept at 4.5 and 100 rpm, respectively.
Calculations
The initial reaction velocity v (mmole Á L À1 Á min À1 ) was determined by plotting the sugar concentration versus time data and calculating the slope of the tangent at the initial linear part of the reaction progress curve.
The yield of reducing sugars on sago starch substrate, i.e., Y p=s (g Á g À1 ), was calculated by dividing the reducing sugar concentration at equilibrium by the initial concentration of starch in the substrate solution in the reactor.
Kinematic viscosity (mm 2 Á s À1 ) was calculated by multiplying the efflux time (s) by the viscometer constant (14.99 Â 10 À3 mm 2 Á s À2 ). The viscosity was calculated by multiplying the kinematic viscosity and the density (g Á mL À1 ).
Results and Analyses
Statistical Analysis of Process Variables (Factors) and Modeling
The effect of the five factors-pH, temperature, agitation speed, starch concentration, and enzyme concentration-on starch hydrolysis by glucoamylase was studied using the response surface method. The experimental process responses were the final product yield Y p=s and the initial reaction rate v. The predicted and experimental values of the two responses for 66 combinations of the five factors at different levels are shown in Table II . Analysis of variance (ANOVA) showed that for the process response of v, the linear (p < 0.05, F ¼ 7.34), the square (p < 0.05, F ¼ 18.29), and the interaction (p < 0.05, F ¼ 4.97) effects of the variables were significant. A full quadratic model (linear þ squares þ interactions) was therefore fitted to the experimental data. With a R 2 value of 96.7%, the model could explain most of the variations in the experimental data. The error term value, i.e., S ¼ 0.02759, was small. Further analysis revealed that with respect to v, the significant main effects were temperature, starch concentration, and enzyme concentration (p < 0.05), whereas the pH and agitation rate did not significantly influence the starch hydrolysis process (p > 0.05). For the squared effect, temperature and agitation rate were significant (p < 0.05), whereas for interaction effect, pH Â agitation, temperature Â enzyme concentration, and agitation Â starch concentration were found to be significant (p < 0.05).
For the process response Y p=s , ANOVA showed that only squared effect was important, i.e., the starch and enzyme concentrations (p < 0.05, F ¼ 6.18), and none of the main and interaction effects were significant. A full quadratic model (p < 0.05, F ¼ 3.99) fitted to the Y p=s data could account for 67.8% for the observed experimental variation with an error value of 0.09454. The full quadratic models, which have the general form of Equation (1), relating the process factors to the responses v and Y p=s are not shown here.
As the goal of modeling is to have a simple model that sufficiently predicts the response, the earlier full quadratic model was further simplified by taking into account that the pH and agitation rate did not significantly affect the enzymatic hydrolysis of sago starch. The reduced model took into consideration only the factors that were shown to significantly influence the process. Thus, in obtaining the simplified model, the reaction pH was set to 4.5, the middle value of the RSM design. A pH of 4.5 has been reported to be optimal for glucoamylase (Soccol et al., 2006) and was also recommended by the supplier of the enzyme (Sigma-Aldrich product information sheet). Similarly, the agitation speed was fixed at the lowest value of 100 rpm as this was evidently sufficient to provide the requisite degree of mixing.
For the reduced polynomial model relating v to temperature, starch concentration, and enzyme concentration (at a fixed pH of 4.5 and agitation speed of 100 rpm), ANOVA showed that the main (F ¼ 40.02), the squares (F ¼ 28.88), and Sugar Production from Sago Starch 1343 
where X 2 represents temperature ( C), X 4 represents substrate concentration (g Á L
À1
), and X 5 represents enzyme concentration (U Á mL
). For the reduced model relating Y p=s to temperature, starch concentration, and enzyme concentration at the above specified fixed pH and agitation speed, ANOVA showed that only the starch concentration significantly influenced the process as the Prior to optimizing the process responses (i.e., v and Y p=s ), a systematic analysis of the main and interaction effects between the significant variables is important, to identify the viable region for responses optimization. This is discussed in the following sections.
Effect of Individual Variables on Process Responses
To understand the effect of individual process variables or factors on the responses v and Y p=s , the main effect plots were used. For the response v, the increase in temperature, starch concentration, and enzyme concentration clearly indicated a corresponding enhancement (Figure 1 ). This observation is consistent with the typical behavior of enzyme-catalyzed reactions. The main effect plots (Figure 1 ) further confirmed that the pH and agitation speed did not significantly influence v in the ranges that were tested. 
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As confirmed by the main effect plots (Figure 2 ), the agitation speed had little influence on Y p=s . The response Y p=s was only slightly reduced by an increase in pH (Figure 2 ). An increase in temperature positively influenced Y p=s , but only slightly (Figure 2) . Concentrations of starch and enzyme had the greatest impact on Y p=s (Figure 2) . A possible reason for the negative effect of the increasing concentration of starch above the 0.1% level (Figure 2 ) on Y p=s may be the increased viscosity of starch solution that can lead to poorer mixing. Statistical analysis using ANOVA of the kinematic viscosity values for the different concentrations of sago starch solutions showed them to be significantly different at p ¼ 0.05 (Table III) . The observed reduced yield may be potentially ascribed to some kind of substrate-inhibition effect on the enzyme, but this suggestion was not supported by the initial rate data, as v increased with increasing concentration of starch up to 0.3% (w=v, g=100 mL) (Figure 1) . A different possible explanation for the observed reduction of Y p=s with increasing concentration of starch is the product inhibition of glucoamylase. This merits further study. An increase in enzyme 
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concentration of up to 0.15 U Á mL À1 resulted in a corresponding increase in Y p=s , but higher concentrations did not further influence the yield (Figure 2) .
Effect of Interaction of Factors on Process Responses
From the reduced model for the response v, only the interaction between temperature and enzyme concentration was a significant influence. An interaction plot was constructed to understand this relationship (Figure 3) . Generally, an increase in both factors (i.e., temperature and enzyme concentration) resulted in a corresponding increase in the response v with a slight interaction observed at the enzyme concentration of 0.05 U Á mL À1 and temperature between 50 and 55 C (Figure 3 ). From the response surface plot (Figure 4) , it is clear that for the initial reaction rate v the highest response may be achieved when the temperature and enzyme loading are set at their maximum levels, i.e., at 65 C and 0.2 U Á mL À1 , respectively. The slight curvature in the response surface (Figure 4 ) indicated the presence of a slight interaction effect between the temperature and enzyme concentration.
The reduced model for the response Y p=s did not contain any interaction effect among the different variables.
Optimization of Process Factors
Before optimal values of the process factors or variables can be identified, it is important to know the approximate range over which the variables cause the desired process responses. As discussed above, the pH and agitation speed had no significant impact on the process responses and hence were fixed at 4.5 and 100 rpm, respectively. The product yield Y p=s was taken to be more important relative to v in the context of the starch hydrolysis process. In view of the earlier observed effect of starch concentration on Y p=s , the value of the starch concentration was fixed at 0.1% (w=v).
The feasible ranges for optimization of temperature and the enzyme concentration were established using an overlaid contour plot of v ( Figure 5 ). The feasible range values for the optimization of these two variables are represented by the white area 
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in Figure 5 . The dashed and continuous lines represent the upper and lower limits, respectively. For the temperature factor, the range covers the entire space from 45
to 65 C that is feasible for enzyme concentration of from 0.1 to 0.2 U Á mL À1 ( Figure 5 ). Using the response optimizer function of MINITAB 14, and with the goal of achieving a target v value of 0.5 mmoles Á L À1 Á min À1 and a maximum Y p=s value of 6 g Á g À1 , the process variables were optimized beginning with the initial values of 55 C, 0.2% (w=v) starch concentration, and 0.1 U Á mL À1 enzyme concentration. The result of the optimization routine is shown in Table IV . Using the predetermined starting points (i.e., temperature, starch concentration, and enzyme loading), the optimization routine returned the same local and global solutions, i.e., an optimum temperature of 60.92 C (%61 C), starch concentration of 0.1% (w=v), and enzyme concentration of 0.2 U Á mL À1 (Table IV) . The optimal combination were relatively high at 1.000 and 0.821, respectively (Table IV ). This suggested that if 100 starch hydrolysis runs were carried out under the optimal conditions, we should be able to achieve a v value of 0.50 mmoles Á L À1 Á min À1 every time and a Y p=s value of 0.58 g Á g À1 82 times.
Validation of Optimal Conditions
To validate the model, three separate batch hydrolysis runs were carried out using the stirred tank reactor under the conditions that had been predicted by the model to be optimal. At a fixed pH of 4.5 and an agitation speed of 100 rpm, the predicted optimal operational conditions to be validated were 61 C and an enzyme-tosago starch ratio of 200 U per gram of starch. The results obtained were a v value of 0.51 AE 0.07 mmoles Á L À1 Á min À1 (the model predicted v value was 0.50 mmoles Á L À1 Á min À1 ) and a Y p=s value of 0.60 AE 0.08 g Á g À1 (the model predicted Y p=s value was 0.58 g Á g À1 ). Clearly, the experimental values of the process responses were closely predicted by the model.
Discussion and Conclusions
As this work demonstrates, untreated sago starch can be hydrolyzed to glucose using glucoamylase from Aspergillus niger. This enzyme does not appear to have been used for sago starch hydrolysis in the past. Optimal conditions for the hydrolysis are 61 C, a pH of 4.5, and the enzyme-to-sago starch ratio of 200 U per gram of starch. A minimum agitation speed of 100 rpm (impeller tip speed of 0.2775 m Á s À1 ) in a 2 L stirred tank reactor provides sufficient mixing. Under optimal conditions, the sugar yield from starch is approximately 60% (on dry basis).
In the past, the enzyme pullulanase (EC 3.2.1.41) of Bacillus acidopullulyticus has been used to hydrolyze untreated sago starch to linear long-chain dextrins, but this process attained a maximum yield of only 33.2% (on dry basis) (Wong et al., 2007) . Thermally pretreated (gelatinized) sago starch is of course more susceptible to pullulanase (Wang et al., 1996) , but a simple acid pretreatment of the starch does not improve its susceptibility to pullulanase (Wong et al., 2007) . The present study achieved effective hydrolysis without relying on any kind of major pretreatment except initial drying of the starch at a relatively mild temperature of 60 C. Although the raw sago starch granules are hydrolyzed by the action of glucoamylase alone, the hydrolytic reaction appears to be confined to the surface of the granule (Haska and Ohta, 1993) . This helps in explaining the less than 100% yield obtained in this study. Surface action of glucoamylase alone may not be effective in creating ''holes'' and fissures in the sago starch granule to allow the enzyme to penetrate. Subjecting sago starch granules to a mixture of glucoamylase and cellulase has been shown to produce highly broken and penetrated granules (Haska and Ohta, 1993) . Thus, the yield of the proposed low-temperature glucoamylase-mediated hydrolysis of raw sago starch is likely to be improved by adding cellulase to the reaction mixture. Hydrolysis of sago starch using thermostable a-amylases at elevated temperature has of course been reported (Govindasamy et al., 1992) 
